We present the first high-resolution spectroscopic measurements of the metallicity distribution function (MDF) at different points along the tidal stream of the Sagittarius (Sgr) dwarf spheroidal (dSph) galaxy, based on echelle spectroscopy of 56 Sgr M giants. The Sgr MDF significantly evolves from a median [Fe/H] ∼ −0.4 in the core to ∼ −1.2 dex over a Sgr leading arm length representing ∼2.5-3.0 Gyr of dynamical (i.e. tidal stripping) age. This is direct evidence that there can be significant chemical differences between current dSph satellites and the bulk of the stars they have contributed to the halo. Our results suggest that Sgr experienced a significant change in binding energy over the past several Gyr, which has substantially decreased its tidal boundary across a radial range over which there must have been a significant metallicity gradient in the progenitor galaxy. By accounting for MDF variation along the debris arms, we approximate the MDF Sgr would have had several Gyr ago. We also analyze the MDF of a
moving group of M giants we previously discovered towards the North Galactic Pole having opposite radial velocities to the infalling Sgr leading arm stars there and conclude that most of these represent Sgr trailing arm stars overlapping the Sgr leading arm in this part of the sky. These trailing arm stars further demonstrate the strong MDF evolution within the Sgr stream.
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Abundances in Dwarf Galaxies and the Halo
The idea that the Milky Way (MW) halo has formed from the infall of smaller star systems -presumably dwarf galaxies -has a long history (Searle & Zinn 1978) and currently a strong theoretical backing by way of ΛCDM models (e.g., Bullock & Johnston 2005; Font et al. 2006) . But a longstanding puzzle in this picture is why, if they are the seeds of halo formation, do MW satellite galaxies have different stellar populations (e.g., Unavane, Wyse & Gilmore 1996) and chemical abundance patterns (e.g., Shetrone et al. 2003; Tolstoy et al. 2003 ) than MW halo stars? One explanation (Majewski et al. 2002; Font et al. 2006 ) is that prolonged tidal disruption will naturally lead to evolution in the types of stars a particular satellite contributes to a halo. Indeed, it has become clear that abundance patterns (e.g., [α/Fe]) among the most metal-poor stars in dSphs -possibly the residue of a formerly much larger metal-poor population that may have been predominantly stripped from the satellites over their lifetime -do overlap those of halo stars of the same metallicity Geisler et al. 2005; Tolstoy 2005 ). But the true connection of these ancient dSph stars with Galactic halo stars remains speculative, or at least non-definitive.
The Sagittarius (Sgr) dSph provides a striking example of a satellite galaxy being disrupted and slowly assimilated into the MW halo field population. It is the primary contributor of both carbon stars and M giants to the upper (|Z GC | > 10 kpc) halo (Ibata et al. 2001; Majewski et al. 2003, hereafter Paper I) and yields strong signatures of MSTO and RR Lyrae stars at halo distances (Newberg et al. 2002; Vivas, Zinn & Gallart 2005 ). Yet the current Metallicity Distribution Function (MDF) of the Sgr core, with median [Fe/H] ∼ −0.4 ( Fig.  2) , is quite unlike that of the Galactic halo (median [Fe/H]= −1.6) and presents one of the most dramatic examples of the apparent dSph/halo star abundance dichotomy.
Metallicity Variation in the Sgr System
Initial photometric estimates indicated that Sgr is largely dominated by a population of old-intermediate age stars (Bellazzini et al. 1999; Layden & Sarajedini 2000) , but with an MDF spanning from [Fe/H] ∼ −0.5 to ∼ −2.0 (see also Cacciari, Bellazzini & Colucci 2002) . However, a more metal-rich population with [Fe/H] ≥ −0.5 was found with high resolution spectra (Bonifacio et al. 2000 Smecker-Hane & McWilliam 2002; Monaco et al. 2005) . These chemical abundance studies thus present a Sgr MDF dominated by a metal-rich population with median [Fe/H] ∼ −0.4, but having a metal-weak tail extending to [Fe/H] ∼ −2.0 (Smecker-Hane & McWilliam 2002; Zaggia et al. 2004; Monaco et al. 2005) . Monaco et al. (2003) and Cole et al. (2005) have found Sgr to have a similar MDF to the LMC (which has a dominant population of median [Fe/H]= −0.4) with a similar fraction of metal-poor stars, which suggests that Sgr may have had a progenitor resembling the LMC (Monaco et al. 2005 ).
Thus far, abundance studies of the Sgr tails have been less detailed. Dohm-Palmer et al. (2001) obtained spectra of some K giants apparently in the northern leading arm (near its apogalacticon) and inferred the stream there was about a half dex more metal poor than the Sgr core; these authors suggested that Sgr may originally have had a strong metallicity gradient. Alard (2001) noted differences in the Sgr giant branch position in the (J − K s , K s ) o CMD between the Sgr center and a field 7. • 5 down its major axis implying a −0.2 dex variation between these two points (see §4). Paper I suggested the possibility of a metallicity variation along the Sgr arms based on apparent variations in the inferred distances of differently-colored giant stars in the stream when the color-magnitude relation of the Sgr core is applied. Adding information derived from isochrone-fitting to main sequence turnoff stars, Martínez-Delgado et al. (2004) argue that there is a substantial metallicity gradient along the Sgr stream. Finally, Vivas et al. (2005) obtained a mean [Fe/H] = −1.77 from echelle spectra of sixteen RR Lyrae stars in the Sgr leading arm; but since only the oldest and hence metal-poor populations in Sgr would produce RR Lyrae, this age-biased sample cannot be used to infer information on the entire stream MDF.
Here we survey the Sgr system with R=35, 000 resolution Mayall 4-m Echelle spectra of 21 Sgr leading arm M giant stars toward the North Galactic Cap ("NGC", with Sgr longitudes Λ ⊙ = 220-290 • ; see definition of Λ ⊙ in Fig. 1 and Paper I) obtained UT 05-09 May 2004. On UT 10-13 Mar 2004, R=29, 000 SARG spectra for 9 additional M giants in the same part of the stream were obtained with the TNG telescope. In the south, R=19, 000 spectra from the MIKE spectrograph on the 6.5-m Clay telescope at Las Campanas Observatory were obtained for 6 M giant stars in the Sgr core (Λ ⊙ = 358-362 • ) and for 10 leading arm stars that have already passed through the disk to the South Galactic Hemisphere and with Λ ⊙ = 20-45 • . According to the models of Law, Johnston & Majewski (2005, Paper IV hereafter) , the leading arm stars south of the Sun were predominantly stripped from Sgr roughly 2-3 Gyr ago whereas those now north of the Sun were stripped roughly 1.5-2 Gyr ago. Figure 1 shows the Paper I estimated positions of our sample stars against a model of Sgr disruption (Paper IV); apparent positional mismatches between the model and sample for southern leading arm stars is due to (1) uneven sampling dictated by observing schedules and (2) the Paper IV models not being well constrained at this point. However, all stars here were pre-selected not only to lie in the observed position of the Sgr leading arm (Paper I) but to have radial velocities appropriate to these positions as previously measured with an ongoing medium resolution survey (Majewski et al. 2004 ; see also data presented in Paper IV). Giant stars were selected with a wide range of J − K s color -typically ∼ 1.0-1.2 -to lessen potential metallicity biases.
The S/N of these spectra were 40-90 for the Mayall, 100-200 for the TNG and 60-120 for the MIKE data. We adopt Houdashelt et al.'s (2000) color-calibrated effective temperature in the abundance derivations, and use the LTE stellar line analysis program MOOG (Sneden 1973) for the analysis of eleven Fe I lines across the wavelength range 7440 − 7590Å . This wavelength region, which is minimally influenced by TiO line blanketing, was chosen to simplify the Fe abundance analysis; Smith & Lambert (1990) used this region to accurately measure abundances in a variety of Galactic M and S stars. The model atmospheres adopted here are generated by interpolation from the Kurucz (1994) grids. 1 At the color-derived T eff of each star, we iterate the [Fe/H], microturbulence and surface gravity (log g) among the Padua isochrones (Girardi et al. 2000) until a consistent set of stellar parameters is found. The determinations of [Fe/H] are good to better than 0.15 dex. Tabulated atmospheric parameters measured for these stars including several additional elemental abundances will be presented elsewhere (Chou et al. in prep.) . Figure 2 summarizes the MDFs determined for the three groups of Sgr core/leading arm samples studied here. For the core, data for our six stars ( Fig. 2a; shown by the open histogram) have been combined with previous echelle data for K giants by Smecker-Hane & McWilliam (2002) and M giants by Monaco et al. (2005) . Comparison of the Sgr core MDFs with those at the two points in its leading arm (Figs. 2b and 2c) reveals substantial evolution in the Sgr MDF. While all three points of the Sgr system sampled contain stars from a metal-poor population with [Fe/H] < −1, the relative proportion of these stars increases with separation from the Sgr core. The latter shows a dominant metal-rich population peaked at [Fe/H] ∼ −0.3, whereas the median metallicity declines from ∼ −0.4 dex in the core to ∼ −0.8 dex in the leading arm north of the Sun and ∼ −1.1 dex south of the Sun, which represents debris lost from the Sgr core some 3.5 orbits (∼ 2.5 − 3 Gyr) ago (Paper IV). While the Figure 2c MDF has only one star with [Fe/H]> −0.95, because we are colorselecting M giants our samples tend to be biased against finding metal-poor giants (which are bluer and earlier in spectral type). Thus the significant, −0.7 dex median metallicity gradient shown in Figure 2 may actually underestimate the true gradient.
Evidence for Sgr Trailing Arm in the North
In the course of our radial velocity survey of Sgr M giants (e.g., Majewski et al. 2004) we identified a subsample of M giants lying among leading arm stars at the NGC, but having the opposite velocity expected for falling leading arm debris there (see v gsr > 0 black points near Λ ⊙ = 260 • in Fig. 12 of Paper IV). Because of their apparent proximity to the Sun (solid blue points, Fig. 1 ), the origin of these stars has been puzzling. Ten of these peculiar velocity M giants with median Λ ⊙ =265 • -three clustered with median v gsr =278 km s −1 and seven with median v gsr =106 km s −1 -were targeted with the Mayall 4-m Echelle on the same observing run and to the same approximate S/N as the NGC leading arm stars ( §2). The relatively low metallicities of the v gsr > 0 stars (Fig. 2d) indicates that the initial Paper I photometric distances for these stars (based on an assumed [Fe/H]∼ −0.4; Fig. 1 ) were underestimated by a mean factor of ∼ 1.5 (Ivanov & Borissova 2002) . Adjusting the distances for correct metallicities (open blue circles in Fig. 1 ), minding the v gsr of these stars and recognizing that the models were not well constrained for old debris, we find reasonable consistency of these stars with the Sgr trailing arm towards the NGC (see Fig. 12 of Paper IV).
Detailed abundance analysis supports this conclusion. The MDF of these positive v gsr stars (Fig. 2d ) fits the general trend with Sgr mass loss epoch established by the leading arm data (Figs. 2a-c) -as may be seen by comparing the mass loss epoch (i.e. colored point) sequences of the leading and trailing arms in the Figure 1 model. In addition, this NGC moving group is found to have similar Ti , Y and La abundance trends as stars in the Sgr leading arm (Chou et al. in prep) . That trailing arm stars are found toward the NGC establishes with certainty that the Sgr debris tracks at least 3 orbits (2.5-2.75 Gyr) of mass loss (Paper IV); because of much stronger phase mixing of debris in the leading arm, this fact is not well established by the apparent length of the Sgr leading arm.
Discussion
Because Sgr is reputed to have enriched to near solar metallicity by at least 6 Gyr ago (Lanfranchi & Matteucci 2004; Bellazzini et al. 2006) , the observed MDF variation over the past 3.5 orbits (2.5-3 Gyr) of mass loss cannot be due to an intrinsic variation of the instantaneous mean metallicity of the Sgr system with time. Rather, it must point to the shedding of successive layers within the satellite over which there must have been an intrinsic MDF gradient (see also Martínez-Delgado et al. 2004 ). However, the > 0.7 dex median metallicity variation in the debris over a 2.5-3 Gyr timescale is quite large and suggests the loss of debris over a significant radius in the system. For comparison, the strongest [Fe/H] gradient observed in the Sculptor dSph is about 0.5 dex over about 0. • 2 (∼ 275 pc), which is about 15% the apparent Sculptor tidal radius; however, this same 0.5 dex change also represents the entire variation seen across the ∼ 75% of the Sculptor tidal radius studied in detail so far (Tolstoy et al. 2004) . Sculptor seems to have among the strongest net internal metallicity gradients among Milky Way dSphs (though some M31 dSphs may have larger gradients; Harbeck et al. 2001) ; for comparison, the now well-studied Carina dSph exhibits only a −0.2 dex gradient from its core to its tidal radius (Koch et al. 2006) . Moreover, no large metallicity gradient seems to exist within the main body of Sgr now: Alard (2001) identified only a −0.2 dex variation in mean metallicity from the Sgr core to 7. • 5 down the major axis. While the position of the current tidal radius in Sgr is still uncertain, Paper I argues that it is likely to be only ∼ 3-4 • (or Sgr would be too massive to produce its observed dynamically cold tails); thus the Alard observation likely pertains to the beginning of the metallicity gradient within the debris tail. Therefore, we must conclude either (1) the destruction of Sgr over the past several Gyr has been fine-tuned to mass shedding from a narrow progenitor radial range over which there was an extraordinarily strong [Fe/H] gradient for a dSph, or, (2) more likely, Sgr experienced a quite rapid change in its binding energy over the past several Gyr, which has decreased the tidal boundary of the satellite across a broader radial range over which there would have still been a large net metallicity variation, but a shallower and more typical gradient. 2 Such a catastrophic change of state happening so relatively recently (1/5 the Hubble time) points to a dramatic event affecting Sgr's life several Gyr ago, perhaps a transition to its current, destructive orbit. Figure 2 not only provides the first direct evidence that the satellites of today may not well represent the stars they lost to the halo, but that this effect can be considerable. If tidal mass loss is typical among other dSph systems, as seems to be the case (e.g., Muñoz et al. 2006a, b, in prep.; Sohn et al. 2006) , it could explain such puzzles as why: (1) the detailed chemical abundances (e.g., [α/Fe] vs. [Fe/H]) of satellites today appear to differ from those observed in the halo field to which they should contribute (e.g., Font et al. 2006 ), (2) a system like the Carina dSph, which exhibits clear signs of tidal disruption, presently holds a much larger fraction of intermediate-age than old stars today (Majewski et al. 2000 (Majewski et al. , 2002 , and (3) there remains a G dwarf problem in dSph systems (e.g., Koch et al. 2006) . Such mass loss shaping of the MDF prompts caution in attempting to interpret the chemical evolution and star formation history of a dSph based on stars left in its core (e.g., Tolstoy et al. 2003; Lanfranchi & Matteucci 2004) . To demonstrate this point, we approximate the total MDF of the Sgr core several Gyr (3.5 orbits) ago using two methods to account for stars now in the tidal streams. In the first method ( Fig. 3, blue lines) , the normalized MDFs in Figs. 2a-c represent their respective median Galactocentric orbital longitudes and each leading arm star (as identified in Fig. 11 of Paper I) is assigned a longitude-interpolated version of these MDFs. Regions obscured by the Galactic plane or overlapping trailing arm are "filled in" by reflecting the corresponding part of the trailing arm as seen from the Galactic Center (in the case of the first 50 • of leading arm) or by extrapolating the observed stream density (for the farthest 175-300 • of leading arm -i.e. that part starting in the solar neighborhood). In the second method (Fig. 3, red lines) we use the oblate Sgr disruption model of Paper IV (Fig. 1) and assign the normalized MDFs in Figs. 2a, b and c to leading arm model stars lost on the last 0.5 orbit (i.e., since last apogalacticon; yellow debris in Fig.  1 ), 1.5-2.5 orbits ago (cyan) and 2.5-3.5 orbits ago (green) respectively, while for debris lost 0.5-1.5 orbits ago (magenta) we use the average of Figures 2a and b . Both "Sgr-progenitor" MDFs generated are relatively flat, exhibiting a much higher representation of metal-poor stars than presently in the Sgr core. These results are primarily illustrative, since: (1) The [Fe/H] spread of the net MDFs is, of course, limited by the input MDFs, (2) an M giantbased survey is biased against finding metal-poor stars, and (3) Sgr stars with [Fe/H]∼ −2 have already been reported (see §1; ironically, the most metal poor stars shown in Fig. 3 are contributed by the input MDF of the Sgr core which includes bluer giants).
We have discussed integrated MDFs as a function of position in the Sgr system, but it is likely that, like other dwarf galaxies, Sgr has had a variable star formation history including possible "bursts", and that these produced populations with different, but overlapping radial density profiles in the progenitor satellite. The MDF gradients described here may relate more to differences in the relative proportion of distinct populations than a smooth variation in mean metallicity from a more continuous star formation history. "Distinct" Sgr populations are suggested by the multiple peaks and general character of the Figure 2 MDFs, and even more strongly by stream position variations of the abundances of other elements, like La (Chou et al. in prep.) . Earlier suggestions of multiple Sgr populations include Alard (2001) and Bonifacio et al. (2004) . Greater resolution of the initial Sgr stellar populations, their former radial distributions, and the Sgr enrichment history will come from further scrutiny of its tidal debris, particularly along the trailing arm. As shown in Figure 1 , leading arm stars lost on different orbits (i.e., shed from different radial "layers") significantly overlap in orbital phase position; this "fuzzes out" the time (i.e. initial satellite radius) resolution. In contrast, the dynamics of the longer trailing arm yields much better energy sorting of the debris, and stars stripped at specific epochs can be more cleanly isolated.
The abundance gradients found here imply that the estimated photometric distances for many M giant stars along the Sgr tidal arms have been systematically underestimated in Paper I, where photometric parallaxes were derived using the color-magnitude relation of the Sgr core. The best-fitting Sgr destruction models of Paper IV should now be refined to account for this variation. We undertake this task elsewhere. Fig. 1. -Sgr orbital plane position of the four groups of stars studied here. These are plotted with their initial estimated distances from Paper I against the Sgr debris model of Paper IV ( Fig. 1; small colored dots) , and were selected with positions and velocities expected for the Sgr core (black circles), leading arm north of the Sun (red circles in horizontal rectangle), and leading arm south of the Sun (red circles in tipped rectangle). A fourth group of stars studied ( §3; blue solid circles in triangle) lie among the north leading arm stars but have opposite and large receding velocities; their reevaluated distances ( §3) from the Sun are shown as open blue circles. The different colors shown for the model points correspond to stars lost on different past radial orbits (between successive apogalactica; see Paper IV). Fig. 1) . The right hand axis shows the normalized number distribution for each group. 
